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ABSTRACT 


Background  fluorescence  in  an  aerosol  biodetector  based  on  266-nm  excitation  has  been 
investigated,  using  a  gas  cell  which  could  be  evacuated  and  then  filled  with  a  gas  (of  interest)  at  a  known 
pressure.  A  frequency-quadrupled,  Q-switched  Nd:YAG  microchip  laser  with  a  pulse  width  of  less  than  1 
ns  and  a  pulse  repetition  rate  of  ~104  pps  was  used  to  measure  both  fluorescence  and  Rayleigh  scattering 
in  a  direction  at  90°  to  the  266-nm  excitation  beam,  as  a  function  of  the  gas  pressure  for  nitrogen, 
oxygen,  and  room  air.  Rayleigh  scattering  was  also  measured  for  helium  and  xenon  gases.  The  relative 
Rayleigh  scattering  cross  sections  measured  in  this  work  are  consistent  with  their  previously  reported 
values,  ensuring  that  the  observed  fluorescence  was  originating  from  a  region  of  the  gas  in  the  direct  path 
of  the  266-nm  excitation  beam.  Fluorescence  signal  observed  in  the  spectral  range  of  interest  300-650 
nm  under  nominal  vacuum  conditions  (~1  x  10-5  torr)  exhibited  strong  quenching  upon  filling  the  gas 
cell  with  oxygen,  but  not  with  nitrogen.  Strong  oxygen-induced  quenching  leads  us  to  believe  that  the 
background  fluorescence  is  due,  at  least  in  part,  to  the  presence  of  residual  hydrocarbons  in  the 
atmospheric  air.  An  order-of-magnitude  calculation,  based  on  an  estimated  value  of  fluorescence  cross 
section  of  1  x  10-21  cm2,  oxygen  quenching  factor  of  0.2  for  atmospheric  air,  and  concentration  of  10 
ppb  for  hydrocarbons  in  urban  air,  is  consistent  with  the  observed  value  of  ~4  photons  per  excitation 
pulse  for  the  background  fluorescence  signal  in  our  single-pass  biodetector  with  f#  of  ~1  and  266-nm 
pulse  energy  of  ~200  nJ. 
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1.  INTRODUCTION 


Background  fluorescence  has  been  recognized  as  a  major  source  of  noise  in  our  aerosol 
biodetector  based  on  266-nm  excitation  radiation,  provided  by  a  frequency-quadrupled,  Q-switched 
Nd:YAG  microchip  laser  with  a  pulse  width  of  less  than  1  ns,  and  pulse  repetition  rate  of  approximately 
10'^  pulses  per  second.  The  spectral  range  of  interest  for  fluorescence  in  our  biodetector  extends  from 
approximately  300  nm  to  650  nm.  In  order  to  determine  the  source  of  the  background  fluorescence,  we 
have  measured  Rayleigh  scattering  and  fluorescence  from  nitrogen,  oxygen,  or  room  air  excited  with 
266-nm  Q-switched  pulses,  using  a  gas  cell  which  could  be  evacuated  and  then  filled  with  the 
appropriate  gas.  The  results  of  this  study  suggest  that  the  background  fluorescence  in  our  aerosol 
biodetector  may,  in  part,  be  due  to  the  presence  of  hydrocarbons  in  the  air. 
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2.  EXPERIMENTAL 


The  experimental  setup  for  the  Rayleigh  scattering  and  fluorescence  measurements  is  shown  in 
Figure  1.  It  consists  of  a  2-in  diameter  stainless  steel  gas  cell,  equipped  with  a  UV  grade  fused  silica 
(Supersil  1)  Brewster  window  on  one  end  and  a  normal-incidence  UV  grade  fused  silica  window  on  the 
other  end  for  the  266-nm  excitation  beam  to  pass  through  the  gas  cell.  Another  normal-incidence  UV 
grade  fused  silica  window  is  mounted  on  the  gas  cell  for  the  transmission  of  the  fluorescence  and/or 
Rayleigh  scattering  in  a  direction  at  90°  to  the  266-nm  excitation  beam.  The  gas  cell  is  also  connected  to 
a  vacuum  pump,  gas  inlet  manifold,  and  pressure  gauge.  The  90°  Rayleigh  scatterting  and/or 
fluorescence  is  focused  by  a  1-in  diameter,  1-in  focal  length  fused  silica  biconvex  lens  on  a  slit  placed  in 
front  of  an  8-mm  diameter  photomultiplier  tube,  Hamamatsu  model  H5  783-03,  with  spectral  response 
from  185  to  650  nm.  The  length  and  width  of  the  slit  are  10  mm  and  1  mm,  parallel  and  perpendicular  to 
the  plane  of  the  figure,  respectively.  The  focusing  lens  is  at  a  distance  of  ~3  in  from  the  266-nm 
excitation  beam  and  ~  1.5  in  from  the  slit;  this  implies  that  the  image  of  the  excitation  beam  at  the  slit  is 
reduced  in  size  by  a  factor  of  2  in  each  dimension.  The  clear  aperture  of  the  lens  is  7/8  in  so  that  the 
effective  f-number  of  the  lens  is  3.4.  For  fluorescence  measurements,  two  Schott  glass  long-wave  pass 
filters,  WG  295  (50%  transmission  point  at  295  nm),  are  placed  in  front  of  the  slit  for  blocking  the 
scattered  266-nm  radiation.  A  350-MHz  digital  oscilloscope,  LeCroy  model  9450,  is  connected  to  the 
output  of  the  photomultiplier  tube  for  Rayleigh  scattering  measurements,  and  to  a  Stanford  Research 
Systems  gated  photon  counter  model  SR400  for  luminescence  measurements. 
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Figure  I.  Schematic  of  the  experimental  setup  showing  the  gas  cell,  266-nm  excitation  beam,  lens  for  focusing 
fluorescence  and/or  Rayleigh-scattered  radiation  onto  a  slit  placed  in  front  of  a  photomultiplier  tube,  long-wave 
pass  filters,  digital  oscilloscope,  and  a  photon  counter. 
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The  trigger  signal  for  the  oscilloscope  and  the  photon  counter  is  provided  by  a  silcon  photodiode 
exposed  to  a  small  fraction  of  light  from  a  beam  splitter  placed  in  the  path  of  the  266-nm  excitation 
beam.  The  excitation  beam  is  largely  s-polarized,  i.e.,  the  electric  vector  of  the  excitation  radiation  is 
perpendicular  to  the  plane  of  Rayleigh  scattering  which  is  also  the  plane  of  Figure  1.  The  diameter  of  the 
excitation  beam  was  estimated  to  be  ~2  mm,  and  the  energy  of  the  input  beam  was  measured  to  be  ~20 
nJ  per  pulse. 


3.  RAYLEIGH  SCATTERING 


Theory  for  the  scattering  of  light  by  small  particles  was  first  given  by  Lord  Rayleigh  [1]  in  1871. 
Rayleigh  scattering  [1-3]  is  an  elastic  scattering  process,  i.e.,  the  scattered  radiation  has  the  same 
wavelength  as  that  of  the  excitation  radiation.  Rayleigh  scattering  cross  section  is  inversersely 
proportional  to  the  fourth  power  of  the  wavelength  of  the  excitation  radiation,  and  the  scattering  cross 
section  is  isotropic  for  s-polarization  excitation.  Measured  values  for  Rayleigh  scattering  cross  sections 
in  the  visible  and  ultraviolet  regions  have  been  reported  by  Rudder  and  Bach  [4],  and  by  Shardanand  and 
Rao  [5],  for  a  number  of  gas  molecules  including  Oj  and  N2.  It  is  precisely  for  this  reason  that  we  chose 
to  measure  Rayleigh  scattering  in  this  work.  At  266  nm,  the  Rayleigh  scattering  cross  section  for  N2  at 
normal  temperature  and  pressure  (NTP)  is  0.96  ><  10‘25  cm^,  as  reported  by  Bates  [6]. 

Figure  2  shows  a  trace  of  the  Rayleigh  scattering  signal  from  atmospheric  air  in  the  gas  cell,  as 
recorded  by  the  LeCroy  oscilloscope,  using  800  V  for  the  supply  voltage  for  the  photomultiplier  tube  and 
50  ohm  load  impedence.  The  full  width  at  half-maximum  (FWHM)  of  the  observed  signal  is  ~2.5  ns, 
consistent  with  that  expected  from  the  bandwidth  of  the  measuring  system  including  the  photomultiplier 
tube,  the  oscilloscope,  and  the  pulse  width  of  the  excitation  beam. 
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Figure  2.  A  trace  of  the  Rayleigh  scattering  signal  from  atmospheric  air  in  the  gas  cell  at  room  temperature, 
showing  the  full  width  at  half-maximum  (FWHM)  of '-'2.5  ns. 
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The  value  of  the  peak  signal  in  Figure  2  is  29  mV  which  corresponds  to  a  peak  anode  current  for 
the  photomultiplier  tube  of  6  x  10*^  A.  The  typical  anode  current  responsivity  of  the  photomultiplier  tube 
at  266  nm  is  6  X  10^  A/W  for  a  supply  voltage  of  800  V.  This  implies  that  the  Rayleigh  scattering  pulse 
incident  on  the  photomultiplier  tube  has  a  peak  power  of  1  x  10’^  W.  Using  the  observed  value  of  2.5  ns 
for  FWHM,  we  deduce  a  value  of  2.5  x  10'^  nJ  for  the  Rayleigh  scattering  pulse  energy  incident  upon  the 
photomultiplier  tube.  Thus  the  observed  Rayleigh  scattering  efficiency  tir  for  our  system  is  equal  to  1.3 

X  10*^,  using  a  value  of  20  nJ  for  the  energy  of  the  266-nm  excitation  pulse.  An  expected  value  for  the 
Rayleigh  scattering  efficiency  may  be  calculated  from  the  following  realtionship: 

TiR  =  (aRLng)TwTLFsp/[16(f#)2]  ,  (1) 

where  or  is  the  Raman  scattering  cross  section,  L  is  the  effective  length  of  the  excitation  beam  imaged 
on  the  slit,  ng  is  the  molecular  concentration  of  the  gas,  Tw  is  the  transmission  of  the  side  window  on  the 
gas  cell,  Tl  is  the  transmission  of  the  focusing  lens,  Fsp  is  the  fraction  of  the  excitation  pulse  energy  with 
s-polarization,  and  f#  is  the  f-number  of  the  lens.  Using  the  values  or  =  0.96  x  10‘25  cm^  for  air,  L  =  1.6 
cm,  ng  =  2.5  x  10^^  cm’^,  Tw  =  Tl  =  0.92,  Fjp  =  0.8,  and  =  3.4,  we  calculate  a  value  of  1.4  x  lO'^  for 
t|r,  in  good  agreement  with  the  measured  value  of  1.3  x  10'®.  However,  such  a  good  agreement  may  be 
fortuitous  because  the  current  responsivity  for  the  photomultiplier  tube  can  be  more  than  a  factor  of  2 
different  than  its  typical  value  (provided  by  the  manufacturer)  used  in  this  calculation. 

Rayleigh  scattering  cross  sections  were  measured  for  O2,  He,  and  Xe  relative  to  that  for  N2.  The 
relative  scattering  cross  sections  measured  in  this  work  are  consistent  with  their  known  values,  as  given 
below  in  Table  1. 


TABLE  1 

Relative  Rayleigh  Scattering  Cross  Sections  for  N2, 02,  He,  and  Xe 


Gas 

This  work 

Previous 

N2 

1 

1 

O2 

0.84 

0.85  [5] 

He 

0.01 

0.014  [4,5] 

Xe 

5.4 

5.42  [4] 
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4.  FLUORESCENCE 


Rationale  for  measuring  Rayleigh  scattering  m  this  work  was  to  make  sure  that  the  light 
originating  from  the  region  of  the  excitation  beam  was  focused  on  the  slit  placed  in  front  of  the 
photomultiplier  tube.  This  is  important  because  fluorescence  can  also  arise  from  the  walls  of  the  gas  cell 
due  to  scattered  light  incident  upon  the  walls. 

Fluorescence  signals  observed  in  this  work  were  orders  of  magnitude  weaker  compared  to 
Rayleigh  scattering  signals.  The  probability  for  the  detection  of  a  single  fluorescence  photon  by  the 
photomultiplier  tube  was  of  the  order  of  10*3  per  266-nm  excitation  pulse  with  ~3  x  lO'®  photons. 
Therefore,  we  used  a  gated  photon  counter  to  count  the  current  pulses  from  the  photomultiplier  assumed 
to  arise  from  a  single  fluorescence  photon  in  a  given  excitation  pulse. 

Figure  3  shows  variation  of  the  observed  fluorescence  signal  in  terms  of  photomultiplier 
counts/ 1000  excitation  pulses  with  pressure  from  nominal  vacuum  to  750  torr  of  oxygen,  nitrogen,  and 
room  air.  The  data  shown  in  Figure  3  were  obtained  with  a  supply  voltage  of  900  V  for  the 
photomultiplier,  a  discrimination  level  of  2.5  mV,  and  a  gate  width  of  40  ns  for  the  gated  photon  counter; 
the  start  of  the  gate  was  adjusted  so  as  to  maximize  the  fluorescence  signal.  The  observed  fluorescence 
shows  a  significant  decrease  with  increase  in  pressure  of  room  air  as  well  as  with  pressure  of  oxygen.  On 
the  other  hand,  the  observed  fluorescence  shows  a  small  increase  with  pressure  of  nitrogen.  These  results 
indicate  that  the  observed  fluorescence  is  quenched  by  oxygen. 
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Figure  3.  Fluorescence  signal  (in  terms  of  photomultiplier  tube  counts/1000  excitation  pulses)  plotted  against 
pressure  of  nitrogen,  room  air,  and  oxygen. 


7 


To  confimi  that  the  observed  fluorescence  was  originating  from  a  region  of  the  gas  in  the  direct 
path  of  the  266-nm  excitation  beam,  we  measured  Rayleigh  scattering  and  fluorescence  signals  as  a 
function  of  the  displacement  of  the  focusing  lens  in  a  direction  perpendicular  to  the  plane  of  Figure  1,  as 
shown  in  Figure  4.  The  displacement  of  the  focusing  lens  results  in  a  displacement  of  the  image  of  the 
excitation  beam  across  the  narrow  dimension  of  the  slit  placed  in  front  of  the  photomultiplier  tube. 
Figure  5  shows  the  results  for  Rayleigh  scattering  due  to  nitrogen  at  750  torr,  and  fluorescence  under 
nominal  vacuum  and  nitrogen  at  750  torr.  The  observed  decrease  of  the  signals  from  their  value  with  the 
lens  in  the  optimum  position  confirms  that  the  fluorescence  signal  arises  from  the  material  excited  by  the 
direct  excitation  beam  and  not  from  the  walls  of  the  gas  cell  due  to  scattered  radiation  incident  upon  the 
walls. 
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Lens  Displacement  (mm) 

Figure  4.  Normalized  Rayleigh  scattering  and  fluorescence  signals  vj  displacement  of  the  focusing  lens  in  a 
direction  perpendicular  to  the  plane  of  Figure  1. 


To  obtain  further  evidence  for  oxygen  quenching,  we  have  measured  the  temporal  decay  of  the 
fluorescence  signal  observed  with  gas  cell  under  nominal  vacuum  and  filled  with  oxygen  at  a  pressure  of 
750  torr.  Fluorescence  signal  decay  data  shown  in  Figure  5  was  obtained  using  gate  widths  of  5  ns  and 
gate  delay  increments  of  5  ns.  Under  nominal  vacuum,  the  plot  of  the  fluorescence  signal  on  a 
logarithmic  scale  vs  delay  time  on  a  linear  scale  is  fit  to  two  straight  lines  whose  slopes  yield 
fluorescence  lifetimes  of  15  and  32  ns  as  shown  in  Figure  5.  Similarly,  the  the  fluorescence  decay  data 
obtained  with  oxygen  at  750  torr  yields  fluorescence  lifetimes  of  5  and  31  ns.  This  implies  that  the 
shorter  fluorescence  lifetime  of  15  ns  under  nominal  vacuum  is  reduced  to  5  ns  due  to  the  presence  of 
oxygen  in  the  gas  cell.  On  the  other  hand,  the  longer  fluorescence  lifetime  of  32  ns  remains  unchanged 
by  the  presence  of  oxygen  in  the  gas  cell. 
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Figure  5.  Fluorescence  signal  (in  terms  of  photomultiplier  tube  counts/I 000  excitation  pulses)  measured  with  a 
gated  photon  counter  and  plotted  on  a  logarithmic  scale  as  a  function  of  time  on  a  linear  scale  under  nominal 
vacuum  and  oxygen  at  750  torr. 


Oxygen  is  known  to  be  a  strong  quencher  of  fluorescence  due  to  hydrocarbons.  According  to  an 
expert  [7]  in  this  field,  only  one  collision  between  a  hydrocabon  molecule  and  an  oxygen  molecule  is 
required  to  quench  the  fluorescence  in  most  cases.  Therefore,  the  fluorescence  observed  in  our 
experiment  may  be  largely  due  to  residual  hydrocarbons  in  the  gas  cell;  vacuum  pump  oil  is  a  likely 
source  of  these  residual  hydrocarbons.  The  collision  cross  section  cq  for  oxygen  quenching  may  be 
deduced  as  follows:  The  ratio  of  quenched  fluorescence  to  unquenched  fluorescence  is  given  by 

Fq  /Fq  =  1/(1+ToQ)  ,  (2) 

where  Xq  is  the  unquenched  fluorescence  lifetime,  and  Q  is  the  oxygen  quenching  rate  given  by 


Q  =  aQ<v>n  .  (3) 

Here  <v>  =  (8kT/7iM)l''2  is  the  average  velocity  of  oxygen  molecules,  k  is  the  Boltzmann  constant,  T  is 
the  temperature  of  the  gas  in  the  cell,  M  is  the  molecular  weight  of  oxygen,  n  =  p/kT  is  the  concentration 
of  the  oxygen  molecules,  and  p  is  the  pressure  of  oxygen.  Equation  (3)  may  be  rewritten  as 
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(4) 


Q  =  0Q(8/7iMkT)*/^  . 

Thus  cq  is  given  by 

GQ  =  (l/xoPi/2)(JtMkT/8)>/2  ,  (5) 

where  pi/2  is  the  pressure  at  which  Fq  =  VJl.  Using  the  values  to  =  15  ns,  pi/2  =  20  torr  =  2.7  x  10^  Pa, 
M  =  5.3  X  10‘2*5  kg,  k  =  1.38  x  10'23  J/K,  and  T  =  295  K,  we  deduce  a  value  for  gq  =  1.5  x  10'15  cm^ 
which  corresponds  to  an  effective  hardball  collision  diameter  of  4.4  x  10"^  cm. 

Unquenched  fluorescence  cross  section  is  given  by 

GF  =  (Fo/Rs)(nR/nF)GR  ,  (6) 

where  Rj  is  the  Rayleigh  scattering  signal,  nR  is  the  molecular  concentration  of  the  gas  for  Rayleigh 
scattering,  nF  is  the  molecular  concentration  for  fluorescence,  and  gr  is  the  cross  section  for  Rayleigh 
scattering.  Using  Fo/RsCN2)  =  1  x  nR/nF  =  p(N2)/p(F)  ~1  x  10^,  gr(N2)  =  1  x  10'25  cm^,  we  obtain 
GF  ~  1  X  10'21  cm2  which  is  several  orders  of  magnitude  larger  than  the  Rayleigh  scattering  cross  section 
for  nitrogen. 

The  ratio  of  quenched  to  unquenched  fluorescence  signals  should  vary  linearly  with  the  partial 
pressure  of  the  quenching  gas,  as  can  be  easily  seen  from  Eqs.  (2)  and  (4).  However,  a  plot  of  Fq/Fq  vs  p 
for  oxygen  and  room  air,  as  shown  in  Figure  6,  exhibits  significant  deviation  from  the  linear  behavior  for 
p  >  30  torr  in  the  case  of  oxygen,  and  for  p  >  90  torr  in  the  case  of  room  air.  The  dashed  lines  represent 
the  linear  fit  to  the  data  at  low  pressures  whereas  the  solid  lines  simply  represent  smooth  curves  through 
the  data  points.  Deviation  from  the  linear  behavior  at  higher  pressures  may  imply  that  a  part  of  the 
fluorescence  has  a  considerably  weak  quenching  rate.  This  is  consistent  with  the  observation  that  the 
longer  fluorescence  lifetime  (32  ns)  remains  unchanged  by  oxygen,  as  shown  in  Figure  5.  The  ratio  of  the 
slopes  of  the  dashed  lines  for  room  air  and  oxygen  is  equal  to  0.17,  compared  with  the  expected  value  of 
0.19  based  on  the  partial  pressure  of  oxygen  in  room  air  and  the  observed  increase  of  the  fluorescence 
signal  with  pressure  as  shown  in  Figure  3. 
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Pressure  (torr) 

Figure  6.  Ratio  of  unquenched  to  quenched  fluorescence  signals  Fo/Fq  plotted  as  a  function  of pressure  for  oxygen 
and  room  air.  The  dashed  lines  represent  the  linear  fit  to  the  data  at  low  pressures  whereas  the  solid  lines  simply 
represent  smooth  curves  through  the  data  points. 
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5.  CONCLUSIONS 


Background  fluorescence  in  our  biodetector  may  be  due  to  the  presence  of  residual  hydrocarbons 
in  the  atmospheric  air.  Multicity  mean  annual  concentration  of  some  hydrocarbons  in  air  monitored  by 
the  United  States  Environmental  Protection  Agency  (EPA)  is  given  in  Table  2,  based  on  the  data  of  13 
October,  1998  provided  by  Rhonda  Thompson  [8]  for  the  26  cities  listed  in  Table  3.  Using  the  results  in 
Table  2,  the  total  mean  concentration  of  hydrocarbons  in  urban  air  is  approximately  3  x  10' 
corresponding  to  10  ppb  by  number  of  air  molecules.  In  order  to  estimate  the  background  fluorescence 
signal  in  our  biodetector  due  to  hydrocarbons  in  the  ambient  air,  we  need  values  of  the  fluorescence  cross 
sections  integrated  over  the  spectral  range  of  our  biodetector  from  300  to  650  nm  with  266-nm  excitation 
wavelength.  This  information  is  not  readily  available.  It  may  be  possible  to  deduce  some  of  this 
information  with  considerable  effort  by  using  published  data  from  several  sources.  A  back-of-the 
envelope  order-of-magnitude  estimate  for  the  integrated  fluorescence  cross  section  from  300  to  650  nm 
is  1  X  10'2'  cm^,  using  values  of  0.5  x  10''^  cm^  for  the  absorption  cross  section  [9],  0.01  for  the 
fluorescence  quantum  yield  in  the  300-650-nm  wavelength  range,  and  0.2  for  the  fluorescence 
quenching  factor  due  to  air  at  atmospheric  pressure.  Using  this  value  of  1  x  lO'^'  cm^  for  the 
fluorescence  cross  section,  we  estimate  a  value  of  4  photons/excitation  pulse  for  the  background 
fluorescence  signal  in  our  biodetector,  consistent  with  the  observed  value  of  4  photons/excitation  pulse. 

The  contribution  of  Rayleigh  scattering  of  air  to  the  elastic  scattering  channel  in  our  single-pass 
biodetector  with  f#  of  ~1  and  266-nm  pulse  energy  of  -200  nJ  is  estimated  to  be  4  x  Ifr' 
photons/excitation  pulse,  compared  with  the  observed  background  value  of  5  x  10'^  photons  per 
excitation  pulse  in  the  elastic  channel.  This  shows  that  Rayleigh  scattering  of  air  is  the  dominant  source 
of  background  elastic  scattering  in  our  biodetector. 
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TABLE  2 


Multiyear,  Multisite,  Multicity  Annual  Mean  Concentrations  of  Some  Hydrocarbons  in  Air 

Monitored  by  EPA  (13  October  1998  Data) 


EPA  No. 

CAS  No. 

Hydrocarbon  Air 
Pollutant 

Formula 

Mean  Concentration 
n  {cm*2) 

115-07-1 

1-Propene 

C3H6 

5x  10‘'0 

74-86-2 

Acetylene 

C2H2 

2x  lO^O 

BiH 

106-99-0 

1, 3-Butadiene 

C4H6 

4x  10^ 

mSBm 

110-54-3 

Hexane 

CeHu 

8x109 

111-65-9 

Octane 

CsHis 

4x  10® 

43502 

50-00-0 

Formaldehyde 

CH20 

2x  lO"*® 

43504 

123-38-6 

Propionaldehyde 

C3H60 

2x109 

43551 

67-64-1 

Acetone 

C3H60 

5x  10''0 

43505 

107-02-8 

2-Propenal 

C3H40 

1  X  10^ 

43801 

74-87-3 

Chloromethane 

CH3C1 

4x  109 

43802 

75-09-2 

Dichloromethene 

CH2CI2 

6  X  10^ 

43803 

67-66-3 

Chloroform 

CHCI3 

1  X  109 

43812 

75-00-3 

Ethyl  Chloride 

C2H5CI 

2x  109 

43814 

71-55-6 

1,1, 1-Trichloroethane 

C2H3CI3 

6x  109 

43815 

107-06-2 

1 , 2-Dichloroethane 

C2H4CI2 

2x  109 

43819 

74-83-9 

Methyl  bromide 

CHaBr 

1  X  109 

msOM 

79-00-5 

1,1, 2-Trichloroethane 

C2H3CI3 

1  X  10® 

mBM 

79-01-6 

Trichloroethylene 

C2HC13 

2x  10® 

mSM 

75-35-4 

1, 1-DichIoroethylene 

C2H2CI2 

1  X  10® 

156-60-5 

(t)  1 , 2-Dichloroethylene 

C2H2CI2 

1  xIO® 

10061-02-6 

(t)  1 , 3-Dichloropropyiene 

C2H4CI2 

1  X  10® 

10061-01-5 

(cis)  1 , 3-Dichloropropylene 

C3H4CI2 

7x  10® 

126-99-8 

2-Chloro-1 , 3-butadiene 

C4H5CI 

1  X  10® 

BUB 

75-01-4 

Vinyl  chloride 

C2H3CI 

3x  10® 

mmm 

71-43-2 

Benzene 

CeHe 

X 

0 

0 

45202 

108-88-3 

Toluene 

C7H8 

3x  lO^O 

45203 

100-41-4 

Ethylbenzene 

CgHio 

5x  10® 

45204 

95-47-6 

o-Xylene 

CsHio 

5x  10® 

45205 

108-38-3 

m-Xylene 

CsHio 

9x  10® 

mmm 

106-42-3 

1, 1-Dimethylbuty!benzene 

C12H18 

7x  10® 

mBM 

95-63-6 

1, 2, 4-Trimethylbenzene 

C9H12 

6x  10® 

BIB 

98-82-8 

1-Methylethylbenzene 

C9H12 

4x  10® 

BBB 

100-42-5 

Styrene 

C8H8 

4x10® 

100-90-7 

Chlorobenzene 

CeHgCI 

1  X  10® 

BIB 

95-50-1 

o-Dichlorobenzene 

C6H4CI2 

2x  10® 

541-73-1 

m-Dichlorobenzene 

C6H4CI2 

2x  10® 

45807 

106-46-7 

p-Dichlorobezene 

C6H4CI2 

4  X  10® 
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TABLE  3 


List  of  Cities  Included  in  the  Database  for  the 
Hydrocarbons,  as  Given  in  Table  2 

Atlanta,  GA 
Baltimore,  MD 
Baton  Rouge,  LA 
Beaumont,  TX 
Birmingham,  AL 
Burlington,  VT 
Chicago,  IL 
Cleveland,  OH 
Dallas,  TX 
Detroit,  Ml 
Fort  Lauderdale,  FL 
Gary,  IN 
Houston,  TX 
Jacksonville,  FL 
Los  Angeles,  CA 
Louisville,  KY 
Miami,  FL 
Orlando,  FL 
Pensacola,  FL 
Philadelphia,  PA 
Portland,  OR 
St.  Louis,  MO 
San  Francisco,  CA 
Toledo,  OH 
Washington,  DC 
Wichita,  KS 
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